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MODE MEDIA INTERACHPNS IN AN FEL9

S J Gltcmer, S C Bende” & B D Mcvey

Los Alamos Nat:oral Laboratory

Los Alamos, W 87545

ABSTRACT

It ‘s wel I kno=n that the e-beam ga,n ●nd refractive pro~erties IF an

FEk alters the optical mode behatior from that of ● bare resonator We

revor t here an 3-D s.m.lat,ons with FELEx [1] ●nd experiments on the 1=3 6

m-cron ●a.elength LOS Alar-es FEL [2] perfo-mgd to ●ssess th~ .mportance cf

t.,s effect for a range of e-beam parameters T-o sets of measurements are

made ‘OI- a near concentric cawlty ● th optical ●xis displaced from the

e ect”on beam ●xis The f.rst ,S a stat,c measu-emerit made dur,ng ca..ty

mGde sat.rht.on of the opt cal beam centro.d referred to each resonator m,r-

r=r The opt,cal detector scheme fo” th,s part of the expe”lment uses a 256

element ,ntegrat,ng pyroelectr’c array The second IS a dynam,c measurement

lade during cav ty mode decay of the motlo~ of t~e Ort cal beam centro-d awl

wa st referl ed to each resonator m, rro-- Tne optical detection scheme fer

this pnrt ~f the expa.,ment cons,~ts of ● thr@e-p~rt spl ,t m,rror detecter

-.ew.ng LWO d ffereiit oGt.cal paths These measur~ent~ qbant fy the ga.r

a~3 refract -e prc~ertles of the electron hewn when compared to FELEx

s mL,lat.ors ImGi,cRt-ons for FEL ai,gnment sch~es ●Ga future h,gti-F5_e~

FELS W, II be discussed





In ~h,s pa~er, W@ are c~c~erfied ● , th the sUtJJ@Ct of m-~de-mecd,a ,nt-er~.:t,nzns

in FELS By the term ‘mde-med.a mnteractmonsm we mean the effects that the

gain me~,um (i e e-team tra.erslng w,ggler) has IJpGli

w,~fi,n the I aser ca-,ty Effects of the med~.m upon 1

been referred to Gwer the years as therms i Iensing. ga

tra~~,ng and self-f~~”sl ng fcr example The a~~.e al

wh.ch n~.nl near Index of refraction .arlatmons ~awe upon

the oot,ca I mode

he laser m~de ha.e

n ghmd~ns, S~lf-

relate to effects

laser beams In

~t,e case of an FEL, we concentrate cur attent,an .ofi the anaular de.,at,~fi

the laser ~eam exti,bits on ~ass,ng thrcugh the wmg.gler while , nt-era~t, rig

● ltli the e-bea,m In order to enhance th,s ai.gular do. ,at,on ,n the Les

Alam~s FEL- we arrange the experiment so that the ca.,:y opt,cg! axis may be

~ffset relatl.e to the a~,s of the un,form wiggler. T,me integrated a~d

~,me re~.~1.ed measurements are made of the laser beam coupled out rf the Gp-

t,cal ~a.mty for a range i2f offset clio,ces. The data IS analyzed to ~.eld

,nfGrmat,Gn on the angular CIe.,at,GR exper,eficed by the laser beam as it

tra.er~es the -Iggler

ItT the rema,nd~r af th,s paper, we discuss the res.lts otita,ned “retii

the~retl~al ~alcul~tl~rt~ W,tti the 3-D s,m”l:tiofi cr,do FELH [I] (Ised te

made I ~be FEL for a range of o~t,cal OXIS offsets, e-beam em,ttances, e-b~aim

energ~ spreads and peak currents We end w,th a AISCUSS

and recwmnendar Iofis as te h~w to enhance the afigular de. la’

ebser.ab, 1Ity cf the mock-med,um l~teractrefi

II THEURECTICAL RE9_ILT5



4

The ~-~ s,niuiat,~n ~=de FELE~ ha= been ~.5ed t,= m.=del tt,e mcde med,a ,ncer=c-

~,~ti expermm.e~ts T~e ~3ranieters at ~ur d,sp=sal are niafiy _ he=e.er, we

lim,t~d our Study to .ar,at,ofis of Qpt,cal aXIS offset relat,we to -Iggler

ax.s (o O to CI 12 cnij, e-beam em,ttance (~r ●nd 3s WI mrad), e-beam energy

spread (1% and 2%), and e-~eam peak current (~5Q arid ~@i amps) A S,ngle

wa.elengtti FEL optical mode was s,mulated, the wavelength (typically 10 1

~B<rons for our @xC@r,mental Parameters) be~ng chosen to ha”a the h,ghest

s,n.gle pass small slgrial gain. The simulation runs wefe made bq,nn,ng w,tli

a small Gzt,:al slgfial ‘nJect@d Into the IJn;form -~ggler, propagating paral-

lel t~ the e-~ea.m The c~tical beam makes some ten% t~ hundreds of passes

.Jrltl I satL,ration ,s r~a<hed, at which tire@ tli@ @-~@am IS t,~rned off and tlie

Cptical m~de decays In ~hat follcws we discuss the small signal ga,n arid

~xtra.ct,on efflclen~y, the saturated state of the opt,cal mode _,th the e-

beam turned ~n, and the OSC, I lat,.~n.. of the o~tlcal K@~e w.dth and the

~p~,~~l m~de cen~r~,d af~er the e-beam I s turned off
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d, fferefic sets of e-beam parameters ,n F,g ~ The ~x~ra<ti~n eff,c,ency IS

seen to decrease (general ly) w~t.h .ficreas,q o~trcal a~,s offset The k,ii~~

or ,Umps seefi ,n the lowest curve (for 3T nun mrad, 2% energy spread, 15C amp

Peak current] and the nex: higher curve (for 2finannirad, 2% energy spread.

1~~ amp peak current) a-e traced to a change ,n wavelength between the ~ CJ3

cm (19 1 m,cron wa,elengtti) and 0.06 cm (10.2 fn~cron wafelengt~) offset

rutis The pronounced sens,t, .lty of extraction efficiency to cho,ce of

ea~e.enqth ,S thus demonstrated

The Opt,cal mo,de reaches saturat,~n Y3 some tens to hundreds of passes

through the ca.,ty Ttie mode med,,.m ,rteractifin can be ead,lY seen ,n the

ske=mng Of the opt,cal ca.,ty mode centroid, that ,s, the dev,at,on of the

c~tlcal beam from Paral Iel Propagation ~tat~d ,n anather way, tll@ optical

beam enters the w,ggler at a= angle .2 to the Ca,lty ax,s Ttie opt,cal beam

exits the ml ggler mak,fig an afigle ~ to the caw,ty ax.s The sk@_;ng ;S ~“st

1 -a Th,s quant,tY IS referred ta as the bend angle of the optical m.cde

The o~t,cal beam returns co the back reflecting m,rr=r inak,ng an anq!e ~

with the optl~al ~awlt~ ax,s Th,s angle IS referred te as th@ t,lt anqle

The results of Du- simulat,~ns are d,splayed In ~,g 3 IG these fjgures.

-e plot the optical mode ie~~ro,d measg-ed at the Opt,cal Caw,ty mirrors aj

a funet,on iif the cpt,cal ax,s off~et The opt,cal mode Centrold at the

m,rrc~rs ,s an e=perlmental Iy access,%le quafitlty Rasults for ~fi ~ mrad

e,ml~~an~e appear ,n F,gs ~A-~~ and resu1t9 fcr jTI rr~ mrad gm,tt.an~a are

g, ~efi in F,gs 3~-3F The f,gtires show that the opt,cal mode centrc,d ex-

fil~,t~ greater skewjn.g Wlt!i greater offset ErrGr ~ar5 denote OSc, IIar,nr

I ,mm~s ~f tli~ fip~,cal mcjd~ can~r~md ~fie dash@d lIn@ ,fi the f,qures ,s a 1-

t~-1 trial ~a~~r ThuS the Sbew,ng ,S ~eefi tc .e qreater at the ri.a~,~



(c.utcGuDIIng) m,rrcr thafi at the lef~ (Fa~krefle~t, fiq-l mirror amid greater- .-

far 27 than far 37 ~ mrad em,ttan~~ ch~;ce In general, gr~ater skew,ng

obtains with ‘better” e-beam parameters

1-. F,g 4, me g,~e a ccm~os,te of the bend afid tilt angles taken d,rectly

+r~m the cc~e resu Its, as defined above. In the fig.re, these angles are

pi=tted as a funct;on of the opt~cal axis offset for the SiX sets ~+

parameter chaices. Nct,ce that far t-he 2T nwn mrad emlttance runs, the ~er-

tical axis scale covers tw~ce the range as for the 37 mm mad em,ttasce

runs AS ,n the case of figure 3, a .ertlcal range ;s g~ven in a case ,n

hich the plstted quant,ty still OS:I Ilated abOut an average Va Iue by tti~

time t~ie e-beam was turned off Again ●e see that the =alues of the angles

1n~reas+ -,tti , ficreas, fig offset ar,,j ,w~ease for ‘better” cho:ces of e-beam

parameter:

After th~ FEL has reached saturation, t~.~ e-beam is turned off The cpt,~al

ca-mty m~de n~w beg.ns to OSC.I late about tt’ie emptY ca.ity made and tu

decay (r,ngdcmfij One measure of the mccle medi~,m ,nteract,or ,S tiOW large

an csclllatl~n can be seen ,n t~.g c~~,ty mode _,dtti Th,s o~c, llat.on of

tlie o~~,cal m~de WIdtti -,th t~me has been g, “en the afithrop.omor~ti,: ~@s,.gfia-

lz,~,n of a “hreath,,rig mode “ 1,1 F,g 5, we show results for tl-e range Of

th,s h.reath,ng mode GSCII

what IS plottad ,S opt,~a

pears to be ~fi s~stemat,c
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Anot?ier measure cf C“IQ mCIdG me~,um ,ntera~t,on ,S h~w large a= ~s~,ll~t,.~fi

can be otserweci In the optical cawlty mode centro,d. This osc~llat,on, of-

ten referred to as a “Walk;ng mode,” ar.ses because, as sh~wn ,n F.g 3,

during the e-beam pulse the optical mode centro;d deviates from the l-t~-l

line. The l-to-l line defiries the optical axis in the atsence of the e-

beam In F,g. 6, we present plots of the range of osc~liat,on of the

opt,cal beam centro:d as a funct,on of the caw,ty axis offset for the SIK e-

beam ~arameter cho,ces qu~ted abo,e. For the walking mode osc,llati~fiz we

see that there is a pronciunced dependence upon offset for a given emlttance

We also note that the ‘better= the e-beam parameters, the greater the walk-

,ng mc~de OSCI IIat,on

we have seen that by “arj,ng a number of optical cavity and e-bea=

parameters a num:mer nf effects are observed ;n (1) small s,gnal ga,fi, [2]

extraction efflclency, [3) bend and t,lt angles, (4) br@ath,,,g mad@

ampl ,tude afid (5) walk, ngmadeamplitde Ttie ,arlous effects can be sum-

marized best ,ti TABLE I with an u~-arrow ,~d,cat,ng ,ncrease and a d~wn-

arraw de~reasez -e sea that, f~r example, an Increase ,n em,ttan~e (~) leads

to a decrease ,n breathnng mode am~l ,tude or an ; n<rease in pea k curretit

I gads to afi Increase In tilt angle If we w,sh to enhance the mode med,”m

interaction manifestation, TABLE I suggests that -*e decrease em,tta~ce.

decreasa ewrgy s~read and ,r,~rease peak current If we 9,sh tc erihance the

abser~ab, I,ty cf the breazh,fig mode= ,t ,s m~re useful te decrease eiier.g,--

spread ~f the e-beam thaii ,t ,S to ,n<rease t-he e-beam peak currerlt



F.guie 1 SrmaI I signal ga:n .s optics I aX, S Gffset <urwes are

la b@ll@d w;th e-beam em, ttance (m mrad) , e-beam energY

spread (percefitj and e-beam peak current ~amps) .

F,gure z Extract,cn e+f,<ien~y ,s optical axis C)ffset . Curves are

Iabel led m,th e-beam emlttance (mm mrad), e-beafi energy

spread (percent) and e-beam peak current (amps)

Figure 3 Upt,cal beam centro,d tis optical axis offset Results sh~-n

f~r both optical caw,ty m,rrors and f~r a range of e-bear,

parameters- emittance of ~ 7 mMIImraij and 1% or 2% efiergy

spread and 15[0 amps or 30U amps peak cdrier.: In f igures (@-

(C) ; emlctafize of 3 r m mraci and 1% Gr- 2% energy spread and

150 amps or 3W amps peak current In f,gures (d)-(f).

Figure 4 Bend angle ( 7 - a ) and tilt angle (L5] ws octlcal axis

offset-. Results stiG9n for a rafige of e-beam parameters

@mI tca~~e of 2 w KWIImrad arid ~% or z? -~ergy spread and 1~~

amps or 31~i amps peak current- ,G f,gures (a)-(cj; emlttafice

OF 3 T mn mrad and 1% or 2% ener~l spread and 150 amps ~i 3CICI

amps peak current ,n f,gures (d)-(f)

F,,gure ~ ~pt,cal mode -Jdth ●s opl.,cal ax,s Gftset Results StiOKri

are taken du~,ng the decay of the c~t,cal mode, fcill~=,ng



Opt,cal mode Centroid (measured at GuCCGup[@r M,rrorj .S. 0~-

tical axms Gffs@t Res.lts she-n are taken durmng the decay

of the o~t,cal mode. follo~lng turn-off of the e-beam far a

range 0+ e-beam parameters- wmttance cif 2 r w mrad afid 1%

or 2% enqr3Y s~read and 150 amps or 300 amps peak current mn

fmqures (a)-(cj, emmtta~ce of 3 f m mrad and 1% or 2% energy

spread ard 1~~ amps or 302 amps peak currert ,n f ,gures (dj-

(f)



EXPERIMENTAL
PARAMETERS (~) . ■ ■ ●

RESULTS

1. Small signal gain . . . . . . . .

2. Extrac!io~ efficiency . . . . . .

3. Saturated mode angles

a. Bendang/e . . . . . . . . . . . . .

b. Tiltangle . . . . . . . . . . . . . . .

4. Breathing mode amplitude . .

5. VVakiog mode amplitude . . .

TABLE L Summary of theoretical results /or /our experimental quantities which were
varied. An up arrow denotes an increase while a down arrow denotes a decrease of
(he listed result for an assumed increase of the experimental parameter. Hat’ denotes
no change or possib/y a slight increase while both denotes no delinite conclusion.
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